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Session 1

A Review of Station Performance
and Data Throughput

Mike Pearlman, Van Husson
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Session 2

Daylight Ranging

Werner Gurtner, Ulrich Schreiber
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Session 6

How Shall We Handle Dynamic Priorities?

Mike Pearlman
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Session 7

System Calibration

Ulrich Schreiber, Ivan Prochazka
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SLR Machine Bias Reduction Procedure

SR620 / P-PET Counter L
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Introduction. The modern state of the art position.

It is known that the XXII General Assembly in 1999 recommended TWO formulas
for the refractive index of the atmosphere suggested by the Ad-Hoc Working
Group “Refractive indices of light, infrared and radio waves in the atmosphere”
(Rueger (2002)). One of them (in Taylor’s series form) is low accuracy (1 ppm),
another (in Sellmeier’s form) is more accuracy (better 1 ppm). State-of-the- art
dispersion formulas are based on UV continium effect only. Usually exact
formulas may be written, as follow

B . D

~o? E-¢?

where the coefficients A,B,C,D,E were suggested by different authors and the best
of them is shown in table 1.

N10°=(n-1)-1F = A+ c



Table 1. The coefficients are suggested by different authors.

A ‘ B ‘ C ‘ D ‘ E
1 Given as Taylor’s series Recommended by the XXII GA (1999)
2. 0 5792105 238,0185 167917 57,362| Recommended by the XXII GA (Ciddor96)
3.| 8060,51| 2480990 132,274 17455,7| 39,329957| Peck&Reeder (1972) formula
4.| 8342,13| 2406030 130 15997 38,9| Edlen’s (1965) formula
5. | 8629,574| 2323732,3| 127,060012| 12989,105| 37,884361| Galkin and Tatevyan (1997) formula

The last experimental data were written by Peck and Reeder (1972) which have
corrected some experimental data of Peck and Khanna (1962) (about 0.5¢10™) and
fitted new data to obtain new dispersion formula. Unfortunately anything special
experimental data is absent and the XXII GA recommended two formulas (low
precision and high precision) grounded by Peck and Reeder analysis and corrected
on the temperature scale and CO2 content. Results of comparing are shown in the
Table 2

Additionally there is shown optimized formula, which has the lowest RMS in last
column.

Table 2. The differences of the formulas calculations minus the experimental data

Nexperim
_ Wavelength x10E-8 Recommen | Recommen | Peck&Reed Edlen’s Galkin and
A ded as ded as er (1972) (1965) Tatevyan
micrometer easy exact formula formula (1997)
s formula by | formula by formula
the XXIl GA | the XXII GA
(1999) (Ciddor96)

1 1,694521 27314 4,1541956 1,5445055 0,2655215 0,7167135 0,2738517
2 1,530015 27326,41 4,0082396 1,3113552 0,0200432 0,4603064 0,0212895
3 1,529977 27326,1 4,3215394 1,6246317 0,3333165 0,7735767 0,3345609
4 1,529354 27326,56 3,9156752 1,2183842 -0,0729843 0,3672279 -0,0717708
5 1,47565 27331,28 4,1244603 1,3923415 0,0961548 0,532007 0,0945681
6 1,372233 27342,34 4,2468603 1,4362005 0,1293671 0,555395 0,1215256
7 1,372233 27342,52 4,0668603 1,2562005 -0,0506329 0,375395 -0,0584744
8 1,350788 27345,38 3,8548095 1,0256513 -0,2836459 0,1400694 -0,2929485
9 1,350788 27345,31 3,9248095 1,0956513 -0,2136459 0,2100694 -0,2229485
10 1,12905 27381,47 4,6740507 1,5913565 0,2499526 0,6419776 0,2210678
11 1,014257 27410,87 4,668668 1,3904036 0,026322 0,393831 -0,0171248
12 1,014257 27410,78 4,758668 1,4804036 0,116322 0,483831 0,0728752
13 0,966043 27426,28 4,8768434 1,49721 0,1220833 0,4768247 0,0712656
14 0,922703 27442,66 4,7030755 1,2202605 -0,1656118 0,1760694 -0,2238127
15 0,912547 27446,62 4,8828814 1,3740496 -0,0144528 0,323923 -0,0744967
16 0,912547 27446,43 5,0728814 1,5640496 0,1755472 0,513923 0,1155033
17 0,724716 27557,42 5,4666071 1,3171648 -0,1256837 0,1283708 -0,2289407
18 0,671829 27606,4 6,2493796 1,8564568 0,398697 0,6179052 0,2799573
19 0,644025 27638,2 5,7908657 1,2602317 -0,2042629 | -0,0061245 | -0,3315975




Table 2. The differences of the formulas calculations minus the experimental data

Nexperim

Wavelength Recommen | Recommen | Peck&Reed Edlen’s Galkin and
. A x10E-8 ded as ded as er (1972) (1965) Tatevyan

micrometer easy exact formula formula (1997)

s formula by | formula by formula

the XXIl GA | the XXII GA
(1999) (Ciddor96)
20 0,579226 27729,8 6,1029558 1,2464663 -0,2271617 | -0,0869784 | -0,3747713
21 0,57712 27733 6,4360516 1,5695381 0,0958489 0,2339169 -0,0523982
22 0,567747 27749,7 5,956003 1,0459983 -0,4277184 | -0,2992559 | -0,5787617
23 0,546227 27789,88 6,3382817 1,3382644 -0,1337797 | -0,0285848 | -0,2908928
24 0,501707 27891,53 6,4743271 1,3759449 -0,0822914 | -0,0308325 -0,249099
25 0,49233 27916,71 6,4789896 1,3866325 -0,0663735 | -0,0272043 -0,234421
26 0,491745 27918,7 6,1101503 1,0186167 -0,4340312 | -0,3956395 | -0,6021433
27 0,471446 27978,61 6,4204893 1,3982244 -0,0394525 | -0,0288066 | -0,2087149
28 0,467946 27989,85 6,401085 1,4002925 -0,0342683 | -0,0285487 | -0,2034821
29 0,447273 28062,08 6,1869999 1,391607 -0,0209681 -0,0450807 | -0,1880079
30 0,435956 28106,3 6,0364431 1,4270908 0,0293266 -0,0115419 | -0,1348728
31 0,435956 28106,5 5,8364431 1,2270908 -0,1706734 | -0,2115419 | -0,3348728
32 0,410933 28218,4 5,4107101 1,4926233 0,1349515 0,0566276 -0,0174304
33 0,404771 28249,54 5,1390278 1,4716239 0,1253279 0,0378494 -0,0227096
34 0,404771 28249,5 5,1790278 1,5116239 0,1653279 0,0778494 0,0172904
35 0,398509 28282,8 4,8201513 1,4501186 0,1159236 0,0192436 -0,0270109
36 0,388975 28336,79 4,2754431 1,4556653 0,140781 0,030398 0,0070821
37 0,380273 28390,5 3,1408789 0,9474014 -0,3492042 | -0,4716177 | -0,4727619
38 0,365587 28489,6 2,0698116 1,2815469 0,0159162 -0,1252089 | -0,0863247
39 0,365119 28492,9 2,1040497 1,369229 0,104561 -0,0371174 0,0030936
40 0,356224 28559,5 1,5906434 1,9949496 0,7478589 0,5963095 0,6622768
41 0,354443 28574,4 0,5710811 1,2343384 -0,0094555 | -0,1628165 | -0,0915788
42 0,339168 28705,9 -1,9908321 1,4205045 0,1996018 0,0335988 0,1511246
43 0,29263 29264,3 -21,125423 1,5153873 0,1900421 0,0430504 0,2786222
44 0,289447 29314,4 -23,487773 1,5428644 0,1912606 0,0507216 0,2889381
45 0,285779 29374,8 -26,660677 1,3992657 0,0128765 -0,1190613 0,1202801
46 0,276059 29548,7 -36,385156 1,404872 -0,0984449 | -0,2008539 0,0284199
47 0,27536 29562,1 -37,222981 1,377451 -0,1356618 | -0,2355349 | -0,0078913
48 0,267575 29719,8 -47,443707 1,4072727 -0,2259716 | -0,2934173 | -0,0947281
49 0,257711 29945,5 -64,119415 1,7180661 -0,0819116 | -0,0959524 0,0284762
50 0,246482 30245,7 -90,652656 2,20108 0,2740376 0,3407201 0,3034355
51 0,244765 30297,3 -96,565969 1,3659913 -0,5614117 -0,480221 -0,5519836
52 0,237911 30514,4 -119,81141 1,6075054 -0,2099204 | -0,0640882 | -0,3062783
53 0,234617 30628,3 -133,49383 1,3558144 -0,3098704 | -0,1286014 | -0,4739523
54 0,230289 30787,6 -153,46746 1,5999116 0,2944622 0,5276015 0,0227756
55 0,214506 31496,8 -267,91322 | -3,9468422 | -0,2064336 0,3096475 -1,0080198
56 0,202605 32214,8 -423,92365 | -17,189431 2,5912883 3,6500984 1,8825077
57 0,199052 32479,5 -497,03363 | -31,113787 | -1,0207661 0,3833109 -1,1874386
58 0,193585 32939,7 -637,244 -58,775678 | -2,2454354 0,1255087 -0,1200724
59 0,186277 33697,4 -912,5541 -127,39999 5,2981688 11,109373 18,363192
60 0,185473 33805,5 -963,30413 | -150,25495 | -4,0859011 2,4234463 11,406945
+124.499 +9.199 +0.524 +0.554 +0.404

In whole experimental data confirmed dispersion formula but however some
experimental measurements (very high precision) gave more high magnitude for
some wavelengths.



Table 3. Some experimental results after 1972

Authors Range Method Data - Ed.65
B micrometer in 10°®
S
1 Schellekens et al (1986) 0.63 NPL +6.0
2 0.63 PTB +0.1
3 0.63 THE +8.0
4 0.63 VSL +3.0
5 Matsumoto (1988) 10 Michelson +5.0
6 Birch and Downs (1993) 0.63 NPL +5.9
7 Hou and Thalmann (1994) 0.63 OFMET +1.4
8 0.63 BCR +3.4

This situation and some former results (two color refractometer, IR EDM) gave the
idea that special reasons may be here.

Influence of the atmospheric absorption lines.

It is known that there are a lot of (more 1000000 by the HITRAN electronoc
basedata) resonances (absorption lines) from IR to RW. In generaly the resonances
are combined by groups (absorption bands) including 100s or even 1000s
separated absorption lines.

Usually a single absorption line near of the earth surface has the Lorentian form

o,C go; _ AN gow!

x() = 20,  (0-w;)°+dw?’ (0 - w,)°+J®?°

Therefore change of the phase refractive index because of absorption may be
written as

o, (0, - w)
(0~ 0F + 07

n(w)-1=ANg

Symbolic graph shows resulting “unsmooth” curve.
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A single line has small effect 10”- 10" on the phase refractive index. This effect
on short wave side aspires to zero, but (warning) one on long wave side aspires to a
fixed terminal value. Therefore, the refractive index on long wave side of
absorption band is above (sum of all lines effect) then the UV effect curve. We can
acount important bands of the general atmospheric components (O,, H,O, CO,
etc.) within visible, NIR, MIR, FIR and RW regions. The real refractive index of
air 1s more complicated then the known formulas show.

More than that the group refractive index near absorption line may be written as

4.2

n, - 1=ANg 2079 (0, - w)+ o (0, -0)° - og
@, - 0)? + 02’ ]
And if we take
Q)I _ (D 1 b . .
X=——— where gw is the halfwidth of the i-line
Qo

we can easily estimate region of influence every line in number of the halfwidth of
the line

AN (X2 - 1)
g(1+ x?)?

X
1+ x°

n(x)-1= AN g (x)-1=

ﬂ©=AN11

+x°



Usually AN is 10°-10""? and g =107 for visible and IR regions therefore the single
line effects on the group refractive index is million times more than on the phase
index within spectral region from 0,5 nm to 50 nm around of a signal carrier
frequency.

The phase refractive index is destroyed just when the signal spectrum and the
absorption line are intersecting.

Since the SLR uses the group refractive index there are shown number of lines
within of the + 5 nm range around of the laser wavelengths used by SLR in Table
4.

Table 4. Absorption lines near SLR wavelengths.

Laser wavelength The nearest

No micrometer (0)3 CO, H,O line

1 0,353 Outside of database

2 0,4235 0 0 0 0

3 0,435 0 0 0 0

4 0,46 0 0 0 0

5 0,532 0 0 32 0,5325

6 0,6329 85 0 117 0,632908

7 0,6942 124 0 218 0,69421

8 0,683 38 0 65 0,68304

9 0,847 0 0 105 0,847005

10 1,064 51 34 21 1,06402

11 1,57 17 232 36 1,570003

It is seen that in most cases the state of the art smooth dispersion formula is not
enough for precision group refractive index of the air and real dispersion is not
known and the special researches are required.

More than that, the oscillating form of the dispersion may be as reason of breach of
correction of the group refractive index formula in whole.

Nonlinear refractivity effects.
The XXII General Assembly recommended to use the group refractive index
calculated using the computer procedure suggested Ciddor and Hill (1999). This

procedure assumes that the conditions are realized in air may be written as
following

B (000)R2)) 0.58" (w, )Q°



When the properties of medium (absorption and refractivity) may be written as the
Taylor’s series of the complex function

a(wg))) o' (o )2

k(w)= k(wg )+ k'(wg )2 + 0.5k " (wy J2% +...=
= B(U)o)"' [3'(000)9 + O-$”(UOO)QZ + ...
+io(wg)+ i (wy)RQ +i10.50" (0, )R + ...

where k(w) is a complex vector in a Taylor series in powers of Q=(w-w,) for the
absorption coefficient a(w) and the phase delay ()

Unfortunately above-mentioned conditions may be not executed near absorption
lines even for simple signals (AM-signal) (Galkin and Tatevyan (1997)). These
conditions are destroyed even far away from absorption lines for the complicated
signals, for example, such as the short laser pulse with the Gaussian envelope
(width T at 50% power) (Galkin and Tatevyan (2002)). In this case using of the
state of the art group refractive index gives an error in results because of the
nonlinear refractivity gives the additional group delay

o 278 a'S?
1+ 27& %S

and the shift received frequency relatively of transmitted optical frequency
approximately as

Ao =-278&%a'S

where S is path through atmosphere, and the necessary derivatives can be
calculated by Kramers-Kronig relations using known dispersion function (for the
derivatives of absorption) or transparency function (for the derivatives of
refraction).

The estimation of the additional group delay and the frequency shift for the state of
the art dispersion equation and different laser wavelengths is shown on the Table 5.
(Sensing to zenith. S=16,6 km)



Table 5. The additional group delay and the frequency shift for used lasers.

Wavelength Pulse width 1 nsec | Wavelength | Pulse width 0,1 nsec
micrometers O psec Awx10'° micrometers O psec Awx10"
1,57 0,003 1,5 1,57 0,257 1,5
1,06 0,006 2.4 1,06 0,601 2.4
0,85 0,01 3,2 0,85 1,009 3,2
0,69 0,017 4.3 0,69 1,678 4.3
0,53 0,034 6,5 0,53 3,353 6,5
0,42 0,061 9,6 0,42 6,081 9,6
0,35 0,115 14 0,35 11,42 14

The additional group delay is the most important aspect for two color SLR. For
two color measurements (Sperber and Riepl (2001)) the atmospheric correction
may be obtained via the time delay At the pulses of different color (let w;<w;)

Ng(@1) S = cNyro(w;) At (Ngro(0,) - Ngro(w,)) ' =cK At

where the components Ngo(m;) and Ng(w,) are known and the factor K may be
calculated, c is the light velocity in vacuum. According to this factor influence of
the additional delay is increasing.

The resulting errors are calculated for a vertical ray path (double ray path through
at sea level i1s assumed as 16.6 km) and a horizontal ray (path is equal 50 km) for

different conditions. They are shown in Tables 6 —9.

Table 6. Vertical ray path. Pulse width is 1.0 nsec.

AM(um) A® (psec) K Error (mm)
1.064-0.532 0.027 22.6 0.18
0.532-0.355 0.077 14.06 0.32
1.064-0.355 0.10 8.44 0.26

Table 7. Vertical ray path. Pulse width is 0.1 nsec

AN(um) A® (psec) K Error (mm)
1.064-0.532 2.72 22.6 18.44
0.532-0.355 7.68 14.06 33.64
1.064-0.355 10.4 8.44 26.33




Table 8. Horizontal ray path. Pulse width is 1.0 nsec.

AN(um) A® (psec) K Error (mm)
1.064-0.532 0.30 22.6 2.02
0.532-0.355 0.69 14.06 291
1.064-0.355 0.99 8.44 2.50

Table 9. Horizontal ray path. Pulse width is 0.1 nsec

AM(um) A® (psec) K Error (mm)
1.064-0.532 24.5 22.6 166.11
0.532-0.355 69.1 14.06 237.0
1.064-0.355 93.6 8.44 302.7

Conclusions

It is shown that the state of the art dispersion formulas particularly of the group
refractive index is not enough to achieve millimeter accuracy of the SLR.

Taking into consideration a lot of the spectral lines of air it is necessary to

research every used spectral region in detail by theoretic and experimental
methods.

Worth while to pay attention on stated problems under exploitation of the existing
SLR systems and development new perspective ones.
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Developing and Implementing the
New Consolidated Prediction Format
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Data Latency Chart (Individual Passes)
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Spacecraft Center-of-Mass Modeling

Graham Appleby, Toshi Otsubo



dO Sd1I
ISI1H ‘UoSSny ue A

Sanss[ uoneudwWATduw N0



s3e[ ] dN QY2 01 (saxapur ou
'9°1) s1qurod ou dABY INQ ‘SA[LJ UONBINILJUOD Y}
St UOI}etUIOJUL dUIES dY) UILJu0d S30T NS ST »

uonedronied 0,001 103 IOAIN e

SI0)eIPUI JN
pue S9[1IJ UoNeINSIJUOd BIA SAZUBYD UOIBINSIJUOD
w)sAs sunrodar 10y esodoid s _arejourg

pue uossny s1dadde HI1SD VIS ‘9661 AON U]

punoisyoeyq



(MIye ] Yead 1udwnuojy “o0y)sadqalieH
‘e[exed[eH ]oquaaln ‘dopesele A) SY IO VSVN —
(4TSH-uoU pue JYTSH) S[2AI]
PIOYSAIY) JUDIDIJIP INQ ‘I01IIJIP IIA JUO SWISAS
(dDIN/eIdWERD Yeans pue JOHIN) BINRN —
(LA ‘ddV ‘avdsSD) uordaouo) je ODIL —

(reun pue QgH
10 LINd ‘SOADVT pue OdT 10J dDIN) PIeUOTIN —

(SOdDHV pue
Od7T 0] DN ‘OdH pue SOIDVT 10} AdV) [19Z1noMm —

(LINd 4T ‘dvdSD-oniq) plemiowialy —

(AVdSD PUe (QVdS 93UryDIaIUL) XNIDUOUWISIOF] —
SWA)SAS J010_(-NNN

S3e[] 1019919(] pUe UonNeINIIJUO))



unyoguey)) ‘y3uiliog ‘Suiliog .
NLTdM —

Swa[qoid ON e

VSVN —

SYTLA ‘(T assein) ‘curepsiod ‘BINEN ‘OpUBUId
ueS ‘uorddaduo)) Az ‘PreMIdWWIZ XNIIUOUSIOH o

SV10dNd —
PO03SIIPUN-SIW JO/PUB PILIJAUIL dIB SSB[J
pue SUISSTW JO JUAIIND J0U dIk SIA[LJ UONRINSIJUO))

SUWIATqOIJ SunIoday uoneIngyuo))



umouun

(3p3 ewbig) |9A07 Buludaiog

0¢ 6'¢C 8¢ 1L¢C 9'¢ G¢ ¢¢ 1¢ 0¢

Ve

1ANdm
1Nd-dON =
ddv o

(psyesuadwooun) QvdsS m
(paresuadwod) qvydS m

[oA97] Buluaalog ejeq

S[OAT SUIUIAIOG BIB(] JIOMIIN

0]

¢l

Swa)sAg Jo #



CWIPTM-OS[Nd oSBT —
(QdA ] uonezue[od Iose| —
(SWANSAS T Nd) YISUdT 9[qe)) [BUIIU] JOIBUTWILIISI(] —
(ddV pue qQvds) 10Jed1pu] Ji3uang [eusiS —
:10] SIOIBJIPUL PN o
S[OAI]
(*039 ‘0°€ ‘C’T 7' "3°9) SUIUIIIS BIBP J[QBLIBA
‘(A19An0adsar

‘LY % 9t S914q Iapeay) SN Y3 ur 2d4) 1030939p o)
pue SI0JeJIPUI UOTIBINSIJUOD WIISAS JO asn 10doIrd .

Sanss[ uoneudwWATduw N0



JIPO BWSIS )’T—C »
NPO BWSIS T — ] o
JIPO BWSIS ()’ —( o
bt 91Ag ‘Qrdwiexd 10 —
uoneziiejod 19se[ J0/pue YISUJ[ 9[qed
JOJRUIWILIOSIP puk SUIUJIIIS BJBP I10] JOIBIIPUI B 9 P[NOD SN 1010 —
SSQU[NJAsn [BAI JIAY) UMOIZINO dARY (POYldW UORIQI[RD
WAJSAS) G SAIAQ pue (9[eds awn yo0dd) 41 sAIhg
ASn UI 10109)3p dY} J0IBIIPUI 0} SB[} & — J0IBIIPU] 10J0Q(J Ly NAYG —
"WA)SAS 3} 0} SAZUBYD
Jolew ayeo1pUl 0) SB[} © — I0JBIIPU] UOBINSIJUO)) WIISAS 9y NAG —
:0) SQWRU AU} SUISUBYD PUIWITLOIY

uone1ado Jo sapowr djeuId)e
J01BJIpUL 0} SB[} B — JOJRIIPU] UONIRINSIJUO)) WIASAS /1 ALY —

"WAJSAS 9} 0} SAZUBYD
Jolew 10)821IPUI 0} SE[J B — J0JBIIPU] A3UBY)) WIISAS 9y NAg —
3uIsnJuod AIdA dIv
L S91AQ PUB 94, SAJAQ PIOIAI JOPLAY JO SAWRU JUALIND Y|,

SUOIEPUUIWOIY UBWMBIS



UI3UAIS
[BUSIS UIq JN 93BIOAR JJBOIPUIL 0} B[] B PIAU A\ o

'91AQq

QIOW T 1SBIT 18 PN (L¥:+ SA1AQ) SI19se[ ZUY

110ddns 03 $914Q y3noua dAey 10U S0P JN dY3 Ojul
Passarduwod saguerl mel JO I9quUNU Y} AJJUAIIND)

(891AQ areds 1) YIS 10U Ing
“NTT I0J pasn Axe )G 61 QY SAAQ pI0ddI BIep N »

SUOTIBPUIWIIIOIIY UBWMEBIS



suojoyd 00T — ¥
suojoyd o1 — ¢
suojoyd maJ — 7
uojoyd o[3urs — |
[9AQ] AZIQUD
J3BIdAL I0) 9JAQ B 9AIISAI JN Yoed url ‘9idwexs 10 —

‘OJur YISuang [eudIS urejuod SJN [enpIApu] .
(Se[J ® 10J PAAU A} UIWI[D P[NOM SIT}) ddA T,
1019919(J YorH J0J [9AT SUIUIAIOG Y} dZIPIepurlS
adv -
IAd — ¢

dON — ¢
([ouueyd pajesuadwooun) QVd4S — C

([ouueyd pajesuadwod) QVJSD — |
SI /1 9AQ ‘ordwexd 10, —

NI0MIIN AU} J0J SFe[,] J0109)19(J dZIpIepuelS
SUONEPUIWIWIOIIY UeWUMEI)S




DM
SISATRUY 9} pPUB ‘DA SUISSIO0IJ [RUSIS )

‘DM SULIQAUISUH puk SYI0MIIN Y} YIm
uo1e1ddood 3SOTd Ul SANSSI ISAY) JA[0SAI
0] PAAU DA\ SAINPIAI0IJ PUL SJBWLIO] BIB(] o

sjurtod [eurIou
AU} Ul pAUIBIUOD SIOJBIIPUI UONRINSIJUOD
JUQISJJTIP Y} 0) s1djurod padu SS0T IS Y], o

SUOTIBPUIWIIIOIIY UBWIMEBIS



*JOJ0J QUO Ul duop 1daoxd

“JuowIrIddxd I0709-7 B I SI ] "QUOP 2

SIT) UB)) "A[SNOJUB}[NWIS IO[0J duUes Y} Ul
BIEP AYB) ‘SI010919P-TI[NUW IIM SUIIISAS IO

"SOINO dN Y} UI 9DUIIIJIP 9} dj0ou
pue 13S Yoed WolJ SN Y} 2redwod uayy

pUB STOAJ[ SUIUIAIOS JUAIDJIP Ajdde pue
JIBI-[[NJ Y} e} ‘UONRIS (TVJS UIAIS B IO

SWIIIOS[Y
JNOD) JO UOTIBIIJIId A SULIAUISUH



"€00C P20 [£-8C ‘Bun2320y ‘€00 doysyio4( 12svT

MN ‘POOA SHUO |1ounoD
4oJeasay JuswuolIAug [einjeN

Ad31ddV W Weyeio

uedepr ‘ewiysey ‘Alojeioge
yoJeasay Ssuoljedlunwuwon)

OdNS.LO YdIwiyso |

D02 1dy ‘1022 ‘v9 ‘80} ‘HOr ‘Agejddy pue ognsiO 88S

IVSINY PUue NO1VL13 'SO3IHV1 10}
SUOI1081107) SSBW-J0-8Jjud)) [edN8i0ay |

.. WINNOD HOEVISIH H
JIMNINMNOYIANT
TVHNLYN ".



441 pue |\ Bjelndde aAalyde 0] 10]0e) 101D ADY -

(9nus0 1
pa1ooyal asjnd (ss|nd
KreuiBewn) pa109)y240.031)

N VY S >

m+
N~ 1Nd-dOIN —
SIORRPRI [N T\ S (uogers punob woy avdsS-O —

Jawioo agqno
paniwsuen asind)

uojoyd s|buig —
Y \Jbuiwin cozomgﬂcmbcmamcém#w\»w .

[V~
| RMERTREARATI0000000000000000000000000000000000000a(] ‘asuodsal

all||e1es ay) 0] bunnguuod sioos|ial s diyny -

108}J8 aJinjeubis ajl||81es

_— WINNOD HOEVISIH H
LNIWNOHIANS
TYHALYN u




SHOO ¥El¢e
W $6¢° | J8iswel(
WX 0006} epPnilY

6861 HSSN

(2
RLINOTVLI

’D

SHOD 9¢v 1
w G2 Jelewelqd
Wy 00S L epniy
0861 ueder

IVSIFY

SHOD 92

W 09°0 JelowWelq
wsf 006G SPNINY

c6

‘9,61 Aeyl+sn

21)

(2
SO3HV]

TINNOD HOYYIS3H
LMIWMOHIANT
TYHNLYM




L6l [6661 ‘0aNSIO ¥661 ‘LegnaN]

ou sl R ‘lopow
s 1115°patny uonoesyip s|dwis “* 2,020
NOMI  "Pa)os|bau UOIORIYIP “* aPxo
o ‘Alisuajul
= S oy} 8)ndwod 0} MOH -
uonoBINQ-
SUES] (2) souelo8|joY—
LA woe; g o (D) BOIB UOIOB}DI BAIJOBYT—
R Pa1apISU0O
Ty oQq 0] SI010e} £ -
(op 15) (auo.y)

10108|}8J 8|buIs woJ} asuodsay

- WINNOD HOEVISIH H
JIMNINMNOYIANT
TYHMLYMN u




T
20ULR09|joY

NOTV13

IVSIry

es ®)
wms=1 R9Je UOI109|}8) 9A1108))T Ivf

S039V1




WHMJ sug  suj sd 00¢ sd 001 sd |

¢ve  vve 8¢ (A4 9G¢
V V V V Vv (AH3T)
_ | | | | _ | | | |_|_>_n_
(‘ad L'0>) ‘d'sSleap| ad} a'd g} "a'd 00l
Gve 61¢ 9G¢ LS¢C
Y Y v ¥V
_ | | | | _ | | | D<n_wuo
Buiddijo oom  ewbis-¢ ewbis-G'z ewbis-g
eve XH Sv¢e YA L4 0G¢
. \ \ uojoyd
|

| — = =~ | | 8|buIs

A A A A

(0g=v)  1v2 6v¥c 0SZ2 2S¢ qu -
«plepuels,, |G 9°LG2
Y V
_ | | | | _ I | |
A T 1'1=u SO3DV]

idy ‘Loge ‘vd ‘801 ‘HOr ‘Age|ddy pue ogns)Q wouij pajoelixg

UOI}081100 SSeW-J0-811ud)

_— WINNOD HOHVISIH q
LNIWNOHIANS
TYHALYN H




WHM4 su € su | sd gog sd ool sd|

9.6 €66 600L ZLIOL ¢ccol
V V V 7V (WH31)
_ _ _ _ _ _ _ _ _ 1Nd
(‘a'd L'0>) ‘d'SIesp| @d} ‘a'd g1 ‘o'd 00|
.6 066 0201 €col
Y Y vy
| | | | | | | [ aQvds-O
dijo o)m  ewbis-g¢ ewbis-G g ewbis-g
c96 9.6 XH G86 L66
\/ \/ se6q)/ \/ uojoyd
| 1~ | | a|buIS
(0'z=u) 1.6 186 €66 200l qu-2a
«pdepuels,, 0LolL 8¢01l
V Y
_ _ _ _ _ _ _ _ _
(W) $6°0 00°I ¢ LI=U |VSIY

idy ‘Loge ‘vd ‘801 ‘HOr ‘Age|ddy pue ognsjQ woij pajoelixy

’D

UOI}081100 SSeW-J0-811ud)

WINNOD HOHVISIH n
JIMNINMNOYIANT

AYHNLYN iy



IWHM4 su g su | sd goe sd ool sd |

¢9S 8.S 86G 209 ¢CI9
V V V V V (NH3T)
_ _ _ _ _ _ _ _ 1INd
(‘ad L'0>) 'd'Sleap| od| ‘a'd g} "a'd 001
8GS €.G 809 €19
Y Y < Y
_ _ _ _ _ _ avds-o
ewbis-¢ mEm.w-m.N ewbis-g
diyoom 9SS 08SG
2SS < \/ <‘ mom \/ uojoyd
| S 11 | 9|buIs
(0°2=u) oB mB wwm m% qu -4
«pJepuels,, 9.6 €19
Y V
_ _ _ _ _ _ _ _
(W) §5°0 | o900 € I=FUNOTTVLE
idy ‘Loge ‘va ‘801 'HOr ‘Age|ddy pue ognsjQ wouj pajoelix3y

UOI}081100 SSeW-J0-811ud)

_— WINNOD HOHVISIH q
LNIWNOHIANS
TYHALYN H




juojoyd 8|buls 1 JIH1S 10} 09 ¢(Jase| ZHY —
‘Juswiiadxa joys-Ag-1oys ajis-uo ayy A1 —
1ELE]
WW- | }e 10U 1Ng ‘|[9A8] Wd-| 1B Y0 swads g4D+dIOIN -

'NOTVL3 pue |YSIrY 10} Wd G- ‘'SOIDVY] 410} W |
‘sulnjal all||e1es ay1 ayesuadwod | ON Se0p avds-) -

‘uoljeulwlslep
1ybiay uoinels ay) speibap Ajuediyiubis ued yoiym
‘selq Juspuadap-s|bue-uoneas|e syl swodaq 0} AjgyI] —

i311S-NO selq Juspuadap-Alisusiul 8y} PIOAY -

Buibue) wuw 0] (suowudo [euosied) SUOISSNISI(]

| ] TINNOD HOHVISIY
JIMNINMNOYIANT
IVHNLYN




o o HIG/SIoUS o ro _UIG/SIOUS o ro LASIOUS o o UIG/SIOUS
OO ONN— OO O N— OO OO0 N —= QOO N —=
OO0 OO0 OO 0NN OO OO0 00 NN — OO OO0 00O ;N OO0 OO0 OO MMMN
FFFFFFI+s FFFFFFE++ FFFFFFF+ ¢ FFFFFFF+r
_________mm. _________mm_.- _________mw- _________mm-
- Ho- 3 | e Ho-3 qo- 3 | ~or @
- e 198 . 19 &8 [ 19 & Te 15 &
ST 53 0 © 0 © S exols—0 o ——owe®ms—0 o
B ¢ s 3 [ ® 1 5 [ 1.2 1S 3
= Hor 3 F “zg o3 F Hor 3 F o+ 3
- st - - st - - st = - st
N N O O [ T N T O [ T T T [ N N O O I [
+UWUW g'y- ZBID 6E8L +WW §'g- Zel gE8/ +UWW [y ZelD) 6887 +WW Q' | ZelD 6EBL
J11371HVY1S IVSIrY 2S04V FSOIDY]

(2002 ‘doysxiom 0@
‘equap pue ognsi0)  AlISUdlU| SA sjenpisal abuey



o o HIG/SIoUS o ro IA/SIOUS o ro LASIOUS o o UIG/SIOUS
OO ONN— OO O N— OO OO0 N —= QOO N —=
OO0 OO0 OO 0NN OO OO0 00 NN — OO OO0 00O ;N OO0 OO0 OO MMMN
FFFFFFI+s FFFFFFE++ FFFFFFF+ ¢ FFFFFFF+r
_________mm. _________mm_.- _________mw- _________mm-
- Ho- 3 Ho-3 qo- 3 | ~or @
- co~<15 & T H4s & F H4s &8 F i M, | & B
— ee® T LS80 f§ —eSeewTTG |0 B mreseeRTDD 15 § 5o 22 m®fpy §
= 4s = F 4s = F 4s = Fum H4s =
3 3 3 3
B 10+ 3 B 10+ 3 B 10+t 3 B 10k 3
= s~ B s+ B s+ - s+
N N O O [ T N T O [ T T T [ N N O O I [
+Www |'g- sepebeie) 060/ +Ww ') eepebere, 060/ +Www 7 /- sspebele 0607 +Ww |'g- sapebeles 060/
J11371HVY1S IVSIrY 2S04V FSOIDY]

(2002 ‘doysxiom 0@
‘equap pue ognsi0)  AlISUdlU| SA sjenpisal abuey



o o HIG/SIoUS o ro _UIG/SIOUS o ro UIG/SIOUS o o UIG/SIOUS

OO ONN— OO O N— OO OO0 N —= QOO N —=

OO0 OO0 OO 0NN OO OO0 00 NN — OO OO0 00O ;N OO0 OO0 OO MMMN

FFFFFFI+s FFFFFFE++ FFFFFFF+ ¢ FFFFFFF+r

_________mm. _________mm_.- _________mw- _________mm-
- Ho- 3 Ho-3 qo- 3 | ~or @
- - G m. - - S- m. - - S m. - - G- m.
B 7] 3 B 7] E) B 7] g B 7] 3
B 10+ 3 B 10+ 3 B 10+t 3 B 10k 3
= s~ B s+ B s+ - s+

T N I e 0 N I e N O e T T e
+WW / /- XNSOUOWISISH 0F8. +WLW g' |2 XN@JUoW]sIeH 0¥8/ +WLW Q- XNSOUOLWISISBH 0F8/ +WW 0'Z- XNeouolWisieH OFgZ

J11371HVY1S IVSIrY 2S04V FSOIDY]

(2002 ‘doysxiom 0@
‘equap pue ognsi0)  AlISUdlU| SA sjenpisal abuey



‘uojoyd ajbuis ay) op suolels ||e uaym AI0]S JUBIBlIp Y —

‘Aressaoau JI paljdde aq ueod sjulelisuod 1ybi| —

‘W O 0] 1l X1} 01 AYSI1 00| -Seiq 18S}JO JUBISUOD B 1d8ddy —
'S92IN0S 10113 21jeWdISAS Jaylo Auepy -

‘Aoeindooe wuw-| 1e swalsAs (qQ49+dDOW "dsa) uojoyd
-1}JNW 10} UOI1081102 |\|OD 8y} [opow 0} a|gissodw] -

‘obua|eyo e ||ns s1 Aoeindoe ww-| —
‘9|IyM e 10J seliq abuel ayj i1snlpe Janeg -

SISAjeue ww J0J (suoluido jeuosiad) SUOISSNISI(]

| ] TINNOD HOHVISIY
JIMNINMNOYIANT
IVHNLYN




‘9|doad Y{1S-uou 0} uoissaiduwil
oaAllebau A|lgeqold ¢ elelndoidde seiq, piom auyl S|

‘sioyeads ysibug -

‘Selq abuel 018z swnsse 10N
‘SisAleuy .

'S10418 abue. onews)sAs Aue areuiwi|g
‘suonels -

Arewwng

TINMAOD HOEV3AS3
LMIWMOHIANT
TYHNLYN




"€00C P20 [£-8C ‘Bun2320y ‘€00 doysyio4( 12svT

MN ‘POOM SHUO |1ounoD
4oJeasay JusWwuoJIAUg [elnleN

sddio dijiud
A931ddV IN weyels

uedep ‘ewiysey ‘Alojeioge
ydoJeasay Ssuoljedlunwuwon)

OdNSL1O IYolwiyso

Bleg Y1S SSYNOTD ul
108}3 8injeubis ay|81es

MINNOD HOYYasTy W
LNIWNOYIANT lll
TYHMLYMN l.




90

(ur)

¥0 T0 0 TO- ¥O

90~

T T T T T

o e
o%e® ou.o...
$353 oS ke
LHHH HHH]
seeee -84
Y YY)
) 0
cee eee
. °
() 0.0
sesese egeoes
egege egege
o2 o2
®oge, -+ o®s®’
%

9°0-

0

90

'¥8-019 9oUIS -
'SHOD 2C| -
(88-019

\deoxe) 8dA} MaN

T T T T T T T
- = 90"
- E#E a B w
H ..nmnm_. H -_.lomumun H -
B . %% “u"uuu . 1¢0
o%e® %!
- "."c"c"c"cococoo”.l.hlc c."..looonoooc"c"c"c".” 40
csocesssnse sesssesesee
oo o0
soeee Seuse, e eeece
I sfele  ofsts 1 z0
Seses onuuun.uouonnuuno coces
00008 o luuuo . 90080
o ccoc."o.._". oge _oeeese 4 ¥0
- =4 90
1 1 1 1 1 1 1

'08-O719 1huUN -
SHOO 96¢€ -

adAl p|O
Aelly HDD SSYNO 1D



(wx) anu2o £elie WoIf UoleIA(]

0 10 0 10"

[y

01
0C
0g
or
0S

BapoL=7ZV

(wx) anu2o £elie WoIf UoleIA(]

0 10 0 10-

09

[y

01
0T
0g
or
0S

Bapog =7V

09

(ne) £ysuyuy

(ne) £ysusyuy

() enu2o £elle WOl UoneIAR(]

0 10 0 1°0-

0C
o€
or
0s

Spo9=7v

() enu2o £elle WOl UoneIAR(]

0 10 0 1°0-

SpoT=72V

09

0T
o€
or
0s
09

(ne) Lysupu]

(ne) Lysudpu]

(w) anueo AeLle WOIJ UonjelA(]

[ 10

0

10-

o

0

01
0T
0¢
or
0S

8p 06=7V

09

(w) anueo AeLle WOIJ UoneIAR(]

10 0 10-

o

0

01
0T
o€
or
0S

Spos=7vV

(w) anueo AeLle WOIJ UoneIAR(]

09

10

0

10-

o

0

01
0T
o€
or
0S

Spor=2V

09

(ne) Lysuyu

(ne) Lysuyuy

(ne) Lysuayuy

0

(w) emuoo Aele WoI uonelAa(]

10

0

1°0-

o

0

01
0C
0¢
or
0s

0

Spog=7V

09

(w) emuoo Aele WOl uonelAa(]

10 0 1°0- o

T _ _ 0

01
0T
0¢
ot
0$

0

09
Spor=2v

(w) emuoo Aele WOl uonelAa(]

10

0

1°0-

o

0

01
0C
0¢
or
0s

09

(ne) £ysusyuy

(ne) £ysusyuy

(ne) Lysusyuy



A

(w) renpisal abuey
o]

0

1'o-

A

Bap 02 = zv¥

(w) renpisal abuey

L0

0

1'0-

ocl

Aouanbaiy

Aouanbaiy

(w) renpisaJ abuey
[e]

0

L0~

= 00}

c0

Bep 09 =zv

(w) renpisaJ abuey

L0

0

L0~

ogl

= 00}

ogl

Aouenbaiy

Aousnbaiy

(w) renpisad abury
20 L'0 0 L'0- 20

— —1 08
= =1 00}
L . . 0zt
Bep 06 = v
(w) renpisas abury
20 L'0 0 L'0- 20

- -1 00}
1 ! ! 0zh
Bop 0g = zv
(w) renpisas abury
20 L'0 0 L'0- 20

ozl
Bep o1 = zv

Aouenbaiy

Aouenbaiy

Aouenbaiy

(w) renpisai aburey

[ L0 o] L'0- g0

Bep 08 = zv

(w) renpisai aburey

oy

09

08

00

0c

[ L0 o] L'0- g0

Bap ot =zv

(w) renpisai aburey

oy

09

08

00

oc

20 L0 o] L'0- [y

Bap 0 =zv

09

08

00

oc

L

L

L

L

L

L

Aouenbaig

Aouenbaig

Aouenbaig



() anuad AeITe WOIf UOLBIAS(]

0 10 0 10-

0

0

111
0¢
0¢
or
0g

BopoL=2ZV

(1) anuad AeIIe WOIf UoL)eIAS(]

0 T0 0 10-

09

20

0

411
0T
0¢
o
0¢

09

(ne) Aysuayuy

(ne) Ayrsuojuy

<0

(m) anuao AeITe WOIf UONRIAS(

10 0 1'0-

0

0

01
0¢
0€
or
s

<0

Bop 09 =2V

(1) anuao AeITe WOIf UONRIAS(]

170 0 1°0-

a9

<0

0

01
0C
0¢
or
0¢

Bepor =2V

09

(ne) ysuajuy

(ne) Ayrsuojuy

<0

(ur) amued Aelle WOIJ UONERIAS(]

10 0 10- <0

T T T 0
01

0C
0¢
or

0s
| l 1

<0

09
Sop 06 =7V

(1) amusd AeIle WOTJ UONRIAS(]

10

0

10-

<0

0

01
0¢
0€
(01
0¢

<0

Bop 05 =7V

(1) amuoad Aelle WOTJ UONRIA(]
10 0 1°0-

09

1
=
Iy

[}
(=7}

]
=
=

<
wy

<
=]

(ne) £ysuyuy

(ne) Aysuajuy

(ne) Kysuajuy

<o

(ur) anuas Aelle WOIJ UONBIAS(]

10 0 1°0- <0

_ _ _ 0

01
0z
0g
or
0s

0

09
Sepog =27V

(1) anusd AeIle WOTJ UONRIAS(]

10

0

1°0-

<0

T 0

01
0c
0€
(01
0¢

(ux) anuad Aelle WOTJ UONRIAS(]

0

10

Sop oy =ZV

0

10-

09

] ] |
o o 9o o
wOF A A

<o
=]

(ne) £ysuuy

(ne) £yrsuajuy

(ne) Kyrsuajuy



old

old

I
7E88 I9ZHBM YEBS [|9ZHaM = FEBS I9ZUBM
678. OjONS N EPBL O/WONS Yy —a- BP8.L O|WonS Iy
SFBL W esse1g S¥8. YT esseig S8 YT esseln
0FB8/ Xnsaucwisiay 08/ XNaouow)siaH 0FB8. XnaauowisiaH
6E8L ZBID BE8L ZBID BEBL ZRID
£/ olesowng SER/ olesowlig BEG/ olesowng
9€8. Wepsjog 9£8/ WepS|og 9E9./ Wepsiog
GEBL BSSEID GERY BSSEID SERL BSSEID
o |18 sawmolog 2 | 184 oemoiog ® 118L Damoiog
% 018/ prEMBWWZ :ﬁ 0L8. PEABWWIZ % 018. plEMIBWWIZ
3 908. moyesiapy 3 908L IncuES]B 3 908 Inoyesiap
Bec/ ewelaje | 6EE/ Bweksle | gee/ ewefae |
Lez/ unysBueyn fez s unyobueyy £gzs unyoBueyy
0122 efeyes|eH 0L2L e/eyes[ey E 0122 eleyesieH
0L 1L ¥ead juawnuopy 0} 1L yesd Juswinuojy 0} 1L YEad Juswnuoyy
501/ Yequesin GO L. yequesin G042 Nequasin
060, sepebeuey 060L eapebeuey 080. aspebeuey,
= ] - 0BOL PrRUOQSYY - - 080 PRUOQIN - - 020. PIEUOOON
= £68) Aniziey - - €681 flaniziey = £681 Alaniziey
11 1 1 1 1 1 | 11 1| 1
by BE O 0 e

{w) (yey) szis feue anjoay3 (w) {yeu) szis feue anoay] (w) (yeu) azis feue angosy3

ive array size

average ~ (eff array size) x

elevation dependent
0.15.

- estimated by concerto ver 3.

estimation
- for 2001.
- bias

Effect



/II

— s

Glonass 84
T

03
02 =
01

1
o -
<

FEBE II9ZHaM

L ¥EL BIBSIEY

EFBL O|WOS WA
SiBL Y7 asseip
OF8L XNsouow)siaH
BEBL ZBID)

018/ plemBWILIZ
LOGL ¥SoyiseaqaueH
S0f/ uoiedaouoy)
Lz unyabueyy
Olzs eeyesey

OLLL YEad Juswnuoy
SOLL Hequaslg

060. espebeLE,,

080L PlRUCON

(w) {yeu) szis feue anjoay3

ive array size

Effect

estimation
- for 2002.

Glonass 86

3l -

[l
o
o

1
o
o

|
T
(=]

o

01

vESE |I9ZHaM

Ly6L BISIEW

BFBL OJWONS I
ShBL HT] esseig
0t8. Xnaouow)siaH
BEBL ZRID

0184 PEMIBWWIZ
1L0S. YBoyisasgape
S0/ uoiodasuo)
£gz2 unyobueyg
0LZL B[eyEaEH

014 ¥ead uawnuopy
S0}L Yegueaig

060L sapebelLEA

080L PlEUCTON

{w) (yey) azis Keue angoay3

Glonass 87
T

[ ]

|
oo
o o

1

[=]

0

I
o
Ed

FEEB I9ZHaM

L ¥6.L BISIEW

68L OjWoIS IN
SFBL YT 8#sseig
O XNsouowW)siaH
BEBL ZBID)

0184 plesmialiLlry
LOG. HBou|ssaqaye
S0t/ uordaouo)
L8z unyobueyn
Ole. eeyesiey

O 1L YESd Juswnuow

SOLL Hequaaig

- 060/ espebele s

080L PlBUCTIN

(w) {yey) ez1s feue anjoay]



¢109loud O3 TITVYD 8y} Ul INOGE MOH
¢,sJ81qJo ybiy yons Joj uiened Aeuse 1s8q 8yl Si Jeym

s, ownAep ui dse saSSYNQOTE Mau buiAaiasqo ul }naiyiq
1088 ainjeubis sA ABiaua uindy -

"9AB UO WO |
> "108}J0 ainjeubis ay) paAley 1ses| 1e Aele YOO MoN

‘obelone
uo wd g ~ ‘10448 abuels Juspuadap-uoneas|s ayj

sosned ]| "eapl 1seq ayj 1ou Ajgeqo.d si Aeule e} abie

ubiseg 40O SSYNOT9 -

Arewwng

| ] TINNOD HOHVISIY
JIMNINMNOYIANT
IVHNLYN




Auewlsas ‘Bunzio Y002 ‘IE - 82 1290100
doysxiopn SHT1I €002

9¢6/P1epPpPOoO/VSYN - OdNN/LIDC
SI|INed *D SO

¢éé=¢ ¥ T NOTVLT 10} 18SHO INOD




9¢624S9-130(CklNed O 4
€0/9¢/0T

88€0°0 uoneinaq pIs TTv0'0 uoneinag pPIs
¢vv0'0 SINA 9€G0'0 SINH

€02¢0'0 uelpasiy €EE00 uelpaiy
¢120°0 ueai\ G¥€0°0 Ues|\

9TS suuiod 9T¢G sjulod Z SOJ9V
¢8¢1°0 wnwixen L09T'0 wnwixepy
LTCT°0- wnwiuin 9990°'0- wnNWwIuln
[w] renpisay - [w] renpisayd IN-IN

0v20o'0 uoneinag pi1s Ir0°0 uoneinaqg pi1s
89€0°0 SN 69900 SN

9,200 uelipsiy 20v0°0 ueIpaN
08¢0°0 Uesiy 0S0°0 ues|y

LCE Siulod A sjulod 1 SOIOVT
G960°0 wnuwixen Z2/.8T°0 wnwixey
99¢T'0- winwiuin /€S0'0- WINWIUIA
[w] renpisay O-IN [w] renpisay -

loppID - SOPUSIA RelIn|\ - UL

SISPOIN DIN Pu® INJA S°13s13e}S [enpisay] ¢ 3 T SOADV'1

IIN SA ININ




9¢624S9-130(CklNed O 4
€0/9¢/0T

‘S)INS3I1S , DM

Syl 9|gisuodsal ay; jo uonezifeul) buipuad ‘@1mny ay)
ul abureyd pjnom pue pinod sanfea asayl reyl ajgisne|d
seM 11 eyl Buipuelsiaspun ayl Yyiim UswooN uoy

AQ pajrewa alam 1eyl sanjea ayl pajdope Ajeniur sapn

(TO0OZ aunc)usWwooNIOY WoJ4l asuodsal |rews ue
paldwoid am punose Bunpise pue buiqool|,aWwos ISy

TO0Z-piw ul

PaJeLINS SWalsSAs Bupjoe) Jo A1aLen ay) o) pifeA anfeA
INOZR|QIPa42 B 10} pa3au ay} ‘Juswanoidwl swelH
90Ud19JaY [elsalia | o) yeldadeds z ® T NOIV.LI
ayl Moea AAisuaiul 0] ubredwed buiob-uo ue Yyupn

¢ ¥ T NO'1V.13 10} 189S0 NOD 10} pasu Y




9¢624S9-130(CklNed O 4
€0/9¢/0T

‘Bulobuo SsI sanfen asay) aulal 01 Y10\

‘ob.e| Ajfenualod os|e ase suoneleA yibuans-feubis ‘uoneluslio
allj@res (umouxun) o1 Buipiodoe wwOT -/+ Ag Area ued anjea |NOD 8yl
‘910N

‘B | SN ‘SWISAS dDIN 10J -

‘69 ! i asn ‘suojoyd ajbuis-ueyl-1aybiy yum avdsD 1oj -
‘63 ! 3sn ‘swalsAs uojoyd-a|buls Apains 1oy -

:A|peo.g

(L3IA1) 0020+ O07:TS:8T TOOZ UNf #T ‘NYL :8ared
(dnous Bupjiopn SIsAfeuy SH1) Aobeseuaisbesippagbmesi|i
‘(s1o1ud) SISAreuy 91eI00SSY SH|) Aobeseudjsbesippa@peesi|l
‘(s121ud) SISAreuy SY11) Aobeseuajsbesippa@aes|l .01
‘w02 uoelq 193lgns
<|U"Y[apn}’ JJGUSBWOON UOH>USWOON U0y :woiH

LISWOONOY A pajrews a1am pajdope sanjea \o0D

¢ ¥ 1 NO'1V.1d 10} 19510 INOD

ﬁ@z
\\\: )777,




9¢624S9-130(CklNed O 4
€0/9¢/0T

0T9°0- <2090T0S.

085°0- TOV8SSEL
e 085°0- TOV/6SE.
c09e8e8. 085°0- TOZ/SEEL
S08cle8. 085°0- TOT96VZ.
296100 im0 10859¢8. 085°0- TO6TLEZ.L
Z0TESES.
T0SS2E8/ 0T9'0- £TE20TZ.
1028028/ 0T9'0- TT¥00TT.
Z08STTI8/ 0T9°0- S¢Z0S0T.
T0890T8/ 0T9'0- £TS0060.
0T9'0- 6T#2080.

085°0- TOOT¥ESS
085°0- T0086¥3.
085°0- T08.S¥8.

095°0- T0SE0V8L 10929081

085°0- T06S8981

~ @usAgeg® T NO1V.L3 o)
vsy  19sHo |NOD pardopy

v




00000

0100

¢Ss000

9¢100

€0¢00

v110°0

16000

87100

80T0°0
SN

qm@z ,__, \M
2192

[
00000
00000
00000
00000
00000
00000
00000

00000
Uealp

9¢624S9-130(CklNed O 4

OT8LSIMS

GV8.SVHO

¢E8LHIVS

0804SH 1IN
OTTZ1dON

0T<¢.3IVH

147 7€88SHTM
el TOSLH1LIN

¢ad 0602190

SYOH# IS

¢8000

79¢0°0

8T1€00

16200

387200

A0 AON)

LETOO

G2c00

98T0°0

€0/9¢/0T

98100

¢€00°0-

6100

0€00°0-

L2200

6.00°0-

85100

00000

00000

66000

1T

(43

4%

el

¢ad

SINYH Ue3alN 'SQO#

‘seig " [pv 711V saseig oN T3 [




9¢624S9-130(CklNed O 4

€0/9¢/0T

0000°0 0000°0 (A 798TZNAIN 0000°0 0000°0 (A
96¢0°0 0000°0 8¢ S¥8.SYVHO 0€E0°0 G000 8¢
0000°0 0000°0 € 8981 NO 0000°0 0000°0 €
10000 #7000 0- e ¢e8LHIVS 6T€0°0 0000°0 v
¢5¢00 0000°0 8T 0804SHTN 9¥€0°0 G¥c0°0 8T
8.T0°0 0000°0 8¢ 0v8. 09d ¢€c00 LTTO0- 8¢
G2c00 0000°0 1l O0T8LIMS v1€0°0 8STO00- 1c
6ST0°0 0000°0 OTTZ1dOIN 9/.T0°0 8.00°0-

68T0°0 0000°0 09 0Tc¢/31VH L0E00 G2c0'0 09
£000°0 0000°0 ¢c 1¥8.¢10d G700°0 €000 ¢c
G9TO0°0 0000°0 19 6€8.L2VdD G9TO0°0 0S00°0 19
¢vT10°0 0000°0 76 TOSZH1LIN LSTO0 0000°0 v6
65000 1000°0- e LECLIVHO 1900°0 0T00°0 e
/8T0°0 0000°0 0604 1dOIN ¥¢c0°0 G¥700°0

88T0°0 0000°0 0€ 7E88SHTM 0STO0 0000°0 0€

SN UEIIN  SUO# US SN UealN SqQO#

2VEY,

ﬁ@z - selg ' Ipy 7171V saseig oN 23 K

VAIDPBOE)




9¢624S9-130(CklNed O 4
€0/9¢/0T

(AR 81 0 000T¥E88
GEC+ 9C 1 008.S1¥8.
6V’ 0T+ (¢V'/L€ 7055c€8.
I8°¢T+ ¥i7'8€- 00890181
09 ¢+ ¢L 85 00901054
TG+ 7G'GC ¢1ec01cl
96°G+ 19°0T- 9Tr00T1.
COT+ L8'8¢ A %=10[0]5107
1817+ 1971 9117c080L

S9Skelg Pelewllsg T NO1V.13




| 000T¥EBS

1 008.5v8L

| ¥09G2C€EBL

1 00890182

1 0090T0S2

| ¢1€201cL

| 9TV00TTL

E C Pavlis/lJCET-GSFC926

| ¢1500602

| 9T¥2080L

o
<
1

[ww] o 7w seig parewns3




GE v+
7S e+
0Z 6E+
ST v+
Zacsh
L9 v+
SRcEh
08¢+
S A
LOE+
6T G+

SOSElg palellllsg ¢ NO 1V 1

9¢624S9-130(CklNed O 4

9€ 6€
9¢ L

76°€E
67 61-
€00

9/.°G¢-
S8 07
15°8¢
¢S L-
0] s
¢C'1c¢

T00T1E8S3
T08.S¥3.
T0L8TV3.
T0SE078L
¢07E6E8L
10890181
¢090T10S.
cTEC0TCL
¢Tv00TT.L
€150060.
6T17Z080L.

€0/9¢/0T




| TOOTYEB8

1 T08LG9V8L.

| T0.81V8L.

1 T0SE0V8L

| cO¥E6EBL

| TO89018.

| ¢090T0G.

| €T€20TCL

E C Pavlis/lJCET-GSFC926

| ¢1v00TTL

| €1900602

| 61¥2080.

o
i
1

o o
N o™
1 1

[ww] o 79 seig parewns3

10/26/03




9¢624S9-130(CklNed O 4
€0/9¢/0T

‘ssed ey Joy arendoidde aswibal feuonelado ayy

pue ‘s)nNsals .oyl 9jgisuodsal ayl uo paseq ‘siseq
ssed-Ag-ssed e uo Ajgesajaid ‘Bus yoes 10) anfen 189S0
arendoidde 1sow ay) Jo JusawubisSse piepuels paau N

Wwa1sAs YSYN SY 190N

Mead juawnuoly auyl 10} seiq (W T- ~ ) JuaJiapyip ay

Aq pailjdwi si 11 se ‘uonetado jo sapow ay) uo buipuadap
‘SI9AI9931 JO SadAl,, ulyum uonelsea si alauyl reul
SWaas 1l ‘Junodde olul uayel sabueyd asayl YlM UsAT

siaqunu paysiignd Ajmau ay) 0] J13Ss0[0 ‘S19S0

pasinal ayl Aldde pinoys (saus YSWYN aYI) SWalsAs
dOIN eyl Aidwi 01 waas ‘(sanjea paysiignd Ajpusdal ay)
UUM Juswaaibesip ul) s19syo |No0D palrdope AjreulbLo

Arewwns




Cross section of ILRS satellites
by
David Arnold - 94 Pierce Road, Watertown, MA 02472, 617-924-6812
1. Introduction

The cross section of the satellites tracked by ILRS has been computed using whatever
information is available on the design of the arrays and the specifications of the cube
corners. The cross section is not constant for any array. It is a function of incidence angle,
velocity aberration, wavelength, and polarization if the cube corners are uncoated. The cross
section is given by the intensity of the diffraction pattern of the array at the position of the
receiver in the far field as determined by the velocity aberration. This report uses diffraction
theory to calculate cross section matrices for the arrays at various incidence angles for
wavelength 532 nanometers. The velocity aberration limits depend on the altitude of the
satellite. The average cross section within the velocity aberration limits is computed at each
incidence angle on the array. The average over all incidence angles is also computed and
tabulated.

2. Cross section table.

Table 1 lists the current cross section for each satellite on the ILRS webpage and the revised
cross section computed using diffraction theory. The minimum and maximum cross section
as a function of velocity aberration and incidence angle are also listed for the satellites where
there is enough information to do a diffraction calculation.

THEORETICAL CROSS SECTION
(Million sqg m)

SATELLITE ALTITUDE CURRENT REVISED
Minimum Average Maximum

Starlette 950 0.65 1.00 1.80 2.5
Lageos 6000 7.00 9.00 15.00 23.0
Etalon 19000 60.00 - 55.00 -
Topex 1300 2.00 6.00 33.00 83.0
BeaconC 940 3.60 0.00 13.00 35.0
Ajisai 1400 12.00 - 23.00 -
Gfo-1 800 2.00 .07 .50 1.1
Stella 950 0.65 1.00 1.80 2.5
Jason 1300 0.30 .20 .80 1.7
GPS 20000 40.00 - 19.00 -
Champ 500 1.80 .05 1.00 3.4
Westpac 835 0.03 0.00 .04 .4
ERS 800 0.30 .20 .85 1.6
Glonass396 20000 360.00 - 240.00 -
Glonass132 20000 - 80.00 -
Envisat 800 0.30 .20 .85 1.6
LRE 25000 1.25 - 2.00 -
SUNSAT 600 0.20 .04 .40 1.4

Table 1. Current and revised cross section for the ILRS satellites.



3. Diffraction model.

The diffraction calculations have been done using the theory given in SAO Special Report
382, “Method of Calculating Retroreflector Array Transfer Functions”, David A. Arnold.
The equations model coated or uncoated retroreflectors with a dihedral angle offset. The
model does not include any manufacturing imperfections such as roughness or surface
curvature. Manufacturing imperfections can result in a loss of cross section in the actual
cube corners. These losses are probably a factor of 2 or more. Therefor the theoretical
calculations should be considered as an upper limit to the actual cross section. There is no
data on the actual “in-orbit’ cross section in absolute units although relative measurements
between some satellites have been done.

The cube corners on the Japanese satellites are in the shape of a triangle with the corners cut
off. There is no model for the reflectivity of this design of cube corner. The Russian
satellites are not manufactured to a particular specification. Therefor it is not possible to do
an accurate theoretical calculation of the cross section. For satellites where no information is
available on the dihedral angle offset, an angle optimized for the particular velocity
aberration has been used. If the actual dihedral angle is not optimized, the cross section will
probably be lower.

The Japanese satellites are spherical and use uncoated cube corners. Since the LAGEOS
satellite is also spherical and uses uncoated cube corners, the cross section of the Japanese
satellites is estimated by scaling the cross section of LAGEQOS by the reflecting area.

4. Sample diffraction patterns.

Diffraction patterns of various satellites are shown in the report “Retroreflector Array
Transfer Functions” available on the web at http://nercslr.nmt.ac.uk/sig/signature.html in
PDF and WORD format (Reference 1). Some sample diffraction patterns for LAGEOS
from that report are shown in Figure 1 for linear and circular polarization.

Figure 1. Cross section of LAGEOS for linear polarization (left) and circular polarization
(right) at one orientation of the satellite. The axes are -50 to +50 microradians.

The diffraction pattern for linear polarization has a dumbbell shape with the axis of the
dumbbell aligned with the polarization vector of the incident laser beam. The diffraction
pattern for circular polarization has a more circular shape. The pattern for circular
polarization is not perfectly circular because there are a limited number of cube corners that
are active at a particular orientation of the satellite. The intensity of the diffraction pattern at
the position of the receiver is the cross section of the satellite.



Figure 2 shows some sample diffraction patterns for TOPEX from Reference 1.
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Figure 2. Diffraction patterns of the TOPEX retroreflector array for various incidence
angles ¢ (deg) on the array.

5. Variation of the cross section with incidence angle.

A. TOPEX

As can be seen from figure 2 the cross section varies with incidence angle as well as with
the position of the receiver in the far field pattern as determined by the magnitude and
direction of the velocity aberration. Table 2 shows a summary of the cross section for

TOPEX vs incidence angle on the array.

Cross section of TOPEX (million sq m)

Incidence Angle Minimum Average Maximum Active area

0 15 20 32 31

10 15 29 40 34

20 16 37 62 37

30 19 44 71 40
40 12 45 83 40

50 12 35 62 32

60 6 22 38 21

Table 2. Cross section statistics for TOPEX. The first column is the incidence angle in
degrees, the second the minimum cross section, the third the average cross section between
25 and 50 microradians velocity aberration, the fourth the maximum cross section, and the
fifth the total reflecting area in equivalent number of cube corners at normal incidence.



The average of the numbers in the third column is 33 million sq meters. The lowest cross
section is 6 million at the bottom of column 2 and the highest cross section is 83 million in
column 4 for 40 degrees incidence angle. This is the data that was used to generate the
values in Table 1 for TOPEX.

B. SUNSAT

The Sunsat array has a ring of 8 cube corners tilted at 50 degrees with respect to the
symmetry axis. There is no pole cube facing the earth such as on the ERS, JASON, GFO,
and other similar satellites. The 9 cube arrays on these other satellites form an approximate
hemisphere so that the cross section does not vary much with incidence angle. For the
Sunsat array, the cross section at normal incidence on the array is very low because all the
cube corners are being viewed at a 50 degree incidence angle. This is not far from the cutoff
angle of about 57 degrees. The fact that the cross section is very low for normal incidence is
not a problem because this only occurs at zenith where the range is shortest. In fact the
absence of the pole cube can be an advantage in avoiding a large dynamic range in the
signal. However, using a constant cross section in predicting signal strength would result in
large errors since there is such a large variation in cross section. Figure 3 shows the
variation of the cross section for Sunsat with incidence angle on the array.
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Figure 3. Cross section of Sunsat vs incidence angle (deg) on the array. The top curve (red)
is for Theta = 0 deg and the bottom curve (green) is for Theta = 22.5 deg which is between
the first two cube corners in the ring.

C. BEACON

Figure 4 shows a diagram of the BeaconC array. There is one panel at the top and 8 panels
tilted at a 54 degree angle. The satellite is magnetically stabilized. Figure 5 shows the cross
section vs incidence angle on the array. The green curve is between two panels so the cross
section is lower. The cutoff angle is about 105 degrees. The cross section is reasonably
constant up to about 70 degrees, but using a constant cross section would give a large error
near the cutoff angle.
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Figure 4. Diagram of the Beacon retroreflector array.
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Figure 5. Cross section of the BeaconC array vs incidence angle. The top curve (red) is for
Theta = 0 deg and the bottom curve (green) is for Theta = 22.5 deg.

D. CHAMP, GRACE

The cross section of CHAMP is fully documented in References 2 and 3. The array has 4
cubes on a 45 degree pyramid. Table 3 below summarizes the variations with incidence
angle on a cube corner using the data in Reference 2. The cross section near zenith (about
40 deg incidence angle on a cube) is fairly low. However, the range is short so the design
reduces the dynamic range of the signal strength. Using the cross section vs incidence angle
on a cube would help to reduce the error in the predicted signal strength.

Incidence Flux Cross Sec.

Angle Minimum  Average Maximum Minimum  Average Maximum
0 0281 0281 0281 3.03 3.03 3.03

10 0172 0217 0312 1.85 2.34 3.37

20 00623 .0102 0183 .67 1.10 1.98

30 00216 .00356 .00680 23 .38 73

40 00044 .00081 00167 .047 .087 180

Table 3. Cross section of CHAMP, and GRACE vs incidence angle on a cube corner. The
cross section in million sq m is the flux times 108.



D. WESTPAC.

The WESTPAC array is designed so that only one cube corner is active at a time. This is
done by recessing the cubes so that the cutoff angle is 13 degrees. This creates dead spaces
where there is no signal between the cube corners. Table 4 shows the cross section as a
function of incidence angle on a cube corner. The cross section is reasonably constant in the
range 0 to 9 degrees and then drops off sharply.

Angle Average Max

0 043 121
1 043 202
2 045 284
3 049 348
4 054 .380
5 060 373
6 064 332
7 062 266
8 054 188
9 040 114

10 024 .055
11 010 .018
12 002 .002
13 .000 .000

Table 4. Average and maximum cross section as a function of incidence angle (deg).
E. Spherical, hemispherical, and planar arrays.

For spherical satellites such as LAGEOS, AJISAI LRE, and ETALON, STARLETTE, and
STELLA the cross section will vary some with velocity aberration but the average cross
section is nearly independent of incidence angle.

Arrays that are approximately hemispherical such as ERS, ENVISAT, JASON, and GFO
have cross section that do not vary much with incidence angle the same as the spherical
satellites.

The high altitude satellites such as GLONASS, GPS have planar arrays. The cross section
will vary some with incidence angle but the cross section is reasonably constant.

6. Cross section matrices.

The most accurate method of predicting the signal strength is to use the full cross section
matrix to calculate the cross section as a function of the magnitude and direction of the
velocity aberration. This procedure was used for the range correction on TOPEX. Because
of the large size of the array the variations with velocity aberration were a few centimeters.
Since signal strength predictions do not require the same accuracy as range corrections
there is probably no need to do this for the cross section.



7. Summary.

The cross section of a retroreflector array may be relatively constant for some satellites and
may have large variations for others. The cross section vs incidence angle or the full cross
section matrix can be used to obtain more accurate signal strength predictions for satellites
where there are large variations in the cross section.
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Germanium flashes in LAGEQOS-2 photometry data
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1. Introduction

The rotation rate and spin axis of the LAGEOS-2 satellite have been determined by
photometric observation of the solar flashes from the front face of the cube corners as the
satellite rotates (Reference 1). However, since the flashes from the optical cubes are all the
same, there is no way to determine the phase of the rotation using the flashes from the
optical cubes.

There are 4 germanium cubes on LAGEOS-2 in holes 4N1, 4N16, 459 and 4524. There are
31 holes in each row. The spacing between 4N1 and 4N 16 is 15 holes. However, the
spacing between 4N 16 and 4N 1, which could be considered to be in hole 4N32 if one were
to continue the numbering past 31, is 16 holes. This lack of symmetry could be used to
determine which germanium cube is being observed if there were a way to distinguish the
germanium flashes from the optical flashes.

The flashes from the optical cubes are due to dielectric reflection from the front face. The
reflection coefficient at normal incidence is about 4 percent. The germanium cubes are
opaque at optical wavelengths and have a solar reflectivity of about 50 percent. The flashes
from the germanium cubes should be much stronger than the flashes from the optical cubes
because of the higher reflection coefficient.

2. Plots of photometry data

No evidence of stronger flashes from the germanium cubes has ever been reported in the
photometry data. I asked Graham Appleby if it would be possible to look through the
Herstmonceux data for the rows where the germanium cubes are located to see if there was
any evidence of stronger flashes from the germanium cubes. An initial search did not turn
up anything unusual.

The failure to find anything was rather perplexing since it seemed that the flashes should be
there. I asked for a sample of the data to see if I could find any explanation for the apparent
absence of any strong flashes. Robert Sherwood sent me an sample of data that contained a
particularly long series of flashes from row 4S.

Figure 1 shows a plot of the data provided by Robert Sherwood. The strongest line in the
data is a star. Stars can be distinguished from the flashes by the fact that they have a longer
time duration. The flashes from the optical cubes can be seen throughout the plot. The dots
above about 100 counts are from the laser which is firing during the first part of the plot.
There does not seem to be anything in the plot to indicate the presence of germanium
flashes.

The amplitude of the laser pulses is about 1600 counts which puts them off-scale in the plot
which only goes up to 200 counts. The laser flashes are very short and are usually
contained within one bin which is 1 millisecond long. Occasionally, the laser flash is split
between two bins with any combination adding up to about 1600. For example, a laser pulse
might be contained in 2 bins of amplitude 100 and 1500 totaling 1600 counts. This is what
accounts for the points above 100 in the plot. The laser pulse rate is 10 pps and the optical
flashes are at about 1 second intervals.
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Figure 1. Plot of photometry data from row 4S of LAGEOS-2.

One possibility was that the germanium flashes might be hidden in the noise somehow.
Since the laser flashes add noise to the data I decided to first filter out the laser pulses. The
optical flashes cover a few tens of bins. This is more frequent than needed to define the
shape of the flash. In order to get better signal to noise I averaged sets of 5 data points.
With the laser pulses included, it is not possible to plot the data with lines connecting points
since this would simply produce a box with amplitude of about 1600. However, lines
between points should show the amplitudes more clearly if there were no laser pulses.

After filtering and smoothing the data, I plotted the results with lines connecting points. The
results are shown in figure 2. There are 4 strong pulses immediately evident in the plot. The
amplitude of the pulses is between about 400 and 550 counts.
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Figure 2. Plot of photometry data with laser pulses removed and sets of 5 points averaged.



Figure 3 shows a plot of the first part of the data with most of the background noise
removed and a different filtering and smoothing algorithm. Although there is one optical
flash missing, it is evident in the plot that there are 15 optical flashes between the third and
fourth germanium flashes. Using the scale determined from this interval, one can determine
that there are 14 optical flashes between the second and third germanium flashes and 15
optical flashes between the first and second germanium flashes. This is exactly the spacing
one would expect from the positions of the germanium cubes.
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Figure 3. Plot of the first part of the photometry data with most background removed.
3. Interval between flashes.

Table 1 shows a computation of the timing and amplitude of each of the flashes. The
columns are the interval between flashes, the average time of the flash, the begin time, end
time, width, average amplitude, and peak amplitude. The germanium pulses are clearly
evident in the next to the last column. The average amplitude of the germanium flashes
ranges from 344 to 464 counts. They are easily distinguished from the optical flashes which
range in amplitude from about 52 to 74 counts. The point at 66711 seconds with an
amplitude of 78 counts is a star. Its width is .23 seconds which distinguishes it from the
optical flashes which have a width of about .025 seconds.

Interval Time Begin End Width Average  Peak
3.5736 66690.4136 66690.4036 66690.4236 0.0200 60.5 88.0
0.9971 66691.4086 66691.4007 66691.4165 0.0158 67.8 88.0

11.1499 66702.5586 66702.5506 66702.5666 0.0160 55.9 72.0
2.0279 66704.5925 66704.5785 66704.6065 0.0280 450.8 587.0
3.0320 66707.6226 66707.6105 66707.6346 0.0241 69.8 90.0
1.0091 66708.6310 66708.6196 66708.6425 0.0229 74.0 96.0
1.0179 66709.6480 66709.6375 66709.6585 0.0210 73.5 104.0
1.0100 66710.6530 66710.6475 66710.6586 0.0111 58.7 74.0
0.9301 66711.6956 66711.5776 66711.8135 0.2359 78.8  138.0
3.1240 66714.7141 66714.7016 66714.7265 0.0249 63.3 76.0
1.0220 66715.7326 66715.7236 66715.7415 0.0179 63.4 89.0
3.0319 66718.7665 66718.7555 66718.7775 0.0220 71.3 95.0
2.0121 66720.7811 66720.7676 66720.7945 0.0269 454.0 602.0
1.0340 66721.8141 66721.8016 66721.8266 0.0250 64.1 80.0
0.9950 66722.8086 66722.7966 66722.8206 0.0240 72.2 97.0
2.0339 66724.8430 66724.8305 66724.8555 0.0250 64.5 86.0
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Table 1.

.0391
.0449
.0201
.0120
.0060
.0339
.0061
.0039
.0160
.0061
.0170
.0040
.0229
.0270
.0160
.0141
.0130
.0119
.0090
.0211
.9950
.0380
.0107
.0142
.0271
.0057
.0150
.0061
.0291
.0160
.9969
.0252
.0438
.0011
.0489
.0260
.0150
.0440
.0000
.0080
.0320
.0441
.0369
.0172
.0060
.0078
.0022
.0468
.0021
.1410
.0199
.0591
.0310
.0760
.0199
.0039

Computation of the timing and amplitude of the flashes.

66726.
66730.
66732.
66733.
66734.
66735.
66737.
66738.
66739.
66740.
66741.
66742.
66743.
66745.
66746.
66747.
66748.
66749.
66750.
66751.
66752.
66754.
66755.
66756.
66757.
66758.
66759.
66761.
66762.
66763.
66764.
66766.
66768.
66769.
66773.
66775.
66776.
66778.
66779.
66780.
66782.
66786.
66788.
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8771
9260
9390
9596
9651
9930
0056
0075
0235
0311
0481
0531
0750
1006
1150
1321
1436
1535
1665
1851
1815
2105
2288
2445
2671
2774
2894
2980
3264
3440
3395
3671
4064
4095
4554
4855
5014
5354
5425
5524
5850
6260
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6790
6895
6958
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7438
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9965
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0625
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1326
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1746
1696
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2803
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3155
3315
3284
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3974
3985
4474
4734
4884
5324
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5404
5724
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6534
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6844
6866
7334
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0824
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66726.
66730.
66732.
66733.
66734.
66735.
66737.
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66739.
66740.
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66747.
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2135
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3805
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7543
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0.0150
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0.0239
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0.0251
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75.0
85.0
81.0
91.0
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4. The amplitude problem

The germanium flashes are clearly visible in figures 2 and 3 but not in figure 1. One
problem that is immediately obvious is that the amplitude of the germanium flashes is
greater than the 200 counts. In figure 1 the plot scale is limited to 200 counts in order to
eliminate the laser pulses which have amplitudes around 1600 and show the optical flashes
which have an amplitude under 100 counts.

Figure 4 shows the same data as figure 1 plotted at full amplitude. The germanium flashes
can be seen fairly easily in this plot. The concentration of points around 1600 is the laser
firings. The laser stopped firing before the last germanium flash. The concentration of dots
showing the germanium pulses is above the 200 count cutoff in figure 1. This is why they
were not evident in the plot.

The third pulse in figure 4 might not be very obvious by itself against the background noise
from the laser flashes. Figure 5 shows the same data as figure 4 but with the laser flashes
removed. With the laser flashes removed there is no problem identifying the germanium
flashes.
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Figure 4. Plot of the complete data set at full amplitude.
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Figure 5. Plot of the data with the laser flashes removed.
S. Fixing the phase

The existence of the germanium flashes makes it possible in principle to determine the
phase of the rotation of the satellite in addition to the spin rate and orientation of the spin
axis. The extent to which this can be done depends on the density of the data and the
stability of the spin rate. At the present time the available data is being cataloged to see what
is available. Unfortunately, the spin rate is slowing down. Robert Sherwood has pointed out
that as the rate slows there is less likelihood of geting enough data to include at least 2
germanium flashes. It might be possible to use a single flash if it is possible to interpolate
the phase angle with sufficient accuracy between data sets having at least two germanium
flashes. If there is a germanium flash missing the interval is always the same so that it is not
possible to positively identify which cube is being observed.

The germanium cubes could be used in another way to determine the orientation of
LAGEOS. The range to a germanium cube varies as the satellite spins. The amplitude of the
variation depends on the angle between the line of sight and the spin axis. Range
measurements to LAGEOS with a 10.6 micron laser would see only the germanium cubes.
Such data could be used to determine the orientation of the satellite. This technique could be
used for much slower rotation rates since the 4 germanium cubes with their high index of
refraction provide coverage over all satellite orientations.

6. The range correction.

The accuracy goal for LAGEOS was 5 millimeters. The range correction fluctuates over a
range of about +/- 5 millimeters as the satellite rotates. The rms error is on the order of 3
millimeters. The main factor limiting the accuracy of the range corrections for LAGEOS is
that the orientation is unknown. If the orientation of the satellite were known, the range
correction could be computed for that particular orientation. This would result in a
significant increase in accuracy to perhaps 1 millimeter. The range correction is a function
of polarization for LAGEOS because the cube corners are uncoated. In order to compute
the range correction as a function of orientation and velocity aberration it would be
necessary to know the polarization (linear or circular) and the angle of the polarization
vector if linear polarization is used.



Spectral analysis of the range residuals for LAGEOS using data from the MLRO shows
discrete spectral lines that are integral multiples of the rotation rate (Reference 2). This fact
could be used as a test of whether range corrections computed as a function of orientation
are being correctly applied. The spectral lines should disappear or be significantly reduced
in amplitude after the corrections are applied.

7. Summary.

Photometry of sunlight reflected from the cube corners has been routinely used to
determine the spin rate and orientation of LAGEOS-2 (Reference 1). Since the reflections
from the optical cubes are all the same amplitude, they cannot be used to determine the
phase of the rotation. Since the solar reflectivity of the germanium cubes is much greater
then the reflectivity of the optical cubes, the phase angle can be determined whenever the
viewing angle is such that reflections can be obtained from the rows containing the
germanium cubes. Range data from the germanium cubes using a 10.6 micron laser might
also be able to determine the complete orientation of LAGEOS. Knowing the complete
orientation of LAGEOS would make it possible to apply a range correction as a function of
the orientation in order to remove the variations in the range correction as the satellite spins.
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Giuseppe Bianco - Agenzia Spaziale Italiana, CGS - Matera

1. Introduction.

The paper “Measurement of LAGEOS-2 Rotation by SLR Observations”, G. Bianco, et al.
presented at the 12th International Workshop on Laser Ranging (Reference 1) shows that
the range residuals from LAGEOS-2 contain discrete spectral lines which are integral
multiples of the rotational rate. The lowest frequency is the spin rate. In this paper we show
that simulated data for LAGEOS-2 contain the same spectral lines as the range data.

2. Simulation of the rotation of LAGEOS.

The paper “Retroreflector Array Transfer Functions”, D. A. Arnold, presented at the 13th
International Workshop on Laser Ranging (Reference 2, Figure 6) shows a simulation of
the range correction as the LAGEOS satellite spins. The simulations were done using the
method described in SAO Special Report 382, D. A. Arnold (Reference 3). Using the data
from the simulation V. Luceri and R. Devoti have shown that the simulated data also
contains spectral lines that are integral multiples of the spin rate as seen in Figure 1 below.

7 Simulated spectrum (D.A.Arnold)
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Fig. 1 Spectrum of simulated range residuals of 50 complete LAGEOS-2 rotations as
viewed from the satellite’s equatorial plane. The periods of the peaks are indicated in units
of degrees.



3. Spectral analysis of actual ranging data.

Figure 2 shows a spectral analysis by V. Luceri and R. Devoti of range data from a pass on
Oct. 15, 1998. The spectral lines are integral multiples of the rotation rate.
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Fig. 2. Spectrum of observed range residuals (MLRO) from a real pass (Oct. 15, 1998), the
fundamental period (first peak) is 10.9 sec, all the other peaks are exact harmonics of the
fundamental frequency.

Figure 3 shows a second example of spectral analysis of real range data. This pass is from
March 21, 2002. The amplitudes of the spectral lines are different but the spectral lines
integral multiples of the spin rate. The period of the spin in Figure 2 is 10.9 seconds. In
Figure 3 the period has increased to 55.4 seconds.



Observed Spectrum, pass: s77y2002d080t0515_5986.spn
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Fig. 3. Spectrum of observed range residuals (MLRO) from a real pass (March 21, 2002),
the fundamental period (first peak) is 55.4 sec, all the other peaks are exact harmonics of the
fundamental frequency.

500

4. Comparison of methods of spectral analysis.

The spectral analyses shown in Figures 1, 2, and 3 have been done using the Scargle
algorithm for unequally spaced data analysis. The spectral analyses shown in Figures 1 and
3 have been repeated by D.A. Arnold using a different method. In this approach, the
equation

R = A+ Bsin(wt) + C cos(wt) (D

is used to do a least squares fit to the range R as a function of time. For range residuals
from an orbital fit, the constant A would be approximately zero. For simulated range
corrections, the constant A is about .243 meters. The coefficients B and C can be considered
the imaginary and real part of a complex exponential containing the frequency and phase of
the spectral component. The spectral analysis is done by varying the frequency @ from the
spin rate to the highest spectral frequency. The power P in a spectral component is given by

P(w) =B +C’ (2)

Figure 4 shows the spectral analysis of the same data as Figure 1 done by D.A. Arnold
using equation (1). The analysis includes only the first 20 spectral lines. Figure 5 shows the
same data as Figure 3 analyzed with equation (1). The Scargle method and using equation
(1) give essentially identical results.
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Figure 4. Spectrum of simulated range residuals of 50 complete LAGEOS-2 rotations as
viewed from the satellite’s equatorial plane. The frequency is in (1/deg).
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Figure 5. Spectrum of observed range residuals (MLRO) from a real pass (March 21,
2002), the fundamental period (first peak) is 55.4 sec.



5. Dependence on the angle from the spin axis.

In this section simulations are done at various angles from the spin axis of the satellite in
order to show the variation in the amplitudes of the spectral lines. The angle between the line
of sight and the spin axis is 90 degrees in Figures 1 and 4. In other words, the satellite is

being observed from the equator. In Figure 6 the angle with respect to the spin axis is 30
degrees. In Figure 7 the angle is zero (looking directly at the pole).
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Figure 6. Spectrum with a 30 degree angle between the line of sight and the spin axis.
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Figure 7. Spectrum looking at the spin axis.

Comparing Figures 4, 6, and 7 we see that the highest frequencies are when the satellite is
viewed from the equator. At a 30 degree angle from the pole only the lower frequencies are
visible. When looking at the pole there is only one major frequency which is 4 times the
spin rate.



6. Phase plot.

Since it has been shown that the spectrum contains only discrete frequencies it is possible to
do a spectral analysis with equation (1) using only the known frequencies. In order to
obtain accurate results the data must contain an integral number of cycles of each frequency.
Figures 8 shows a spectral analysis of the equatorial simulation using only integral
multiples of the spin rate with data covering one complete revolution. Figure 9 is a phase
plot of the spectral lines in figure 8.
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Figure 8. Spectral analysis of one revolution Figure 9. Phase plot of the harmonics

Tables 1 and 2 below shows the data used to plot Figures 8 and 9 respectively.

Period (deg) Harmonic Amplitude (mm) Power (mm?) Frequency(1/deg)

360.000 1.000 0.077955 0.006077 0.002778
180.000 2.000 0.072774 0.005296 0.005556
120.000 3.000 0.126817 0.016083 0.008333
90.000 4.000 0.110108 0.012124 0.011111
72.000 5.000 0.032602 0.001063 0.013889
60.000 6.000 0.778751 0.606453 0.016667
51.430 7.000 1.045384 1.092827 0.019444
45.000 8.000 0.251219 0.063111 0.022222
40.000 9.000 0.168907 0.028530 0.025000
36.000 10.000 0.208311 0.043394 0.027778
32.730 10.999 0.638545 0.407740 0.030553
30.000 12.000 0.373327 0.139373 0.033333
27.690 13.001 0.369462 0.136502 0.036114
25.710 14.002 0.270873 0.073372 0.038895
24.000 15.000 0.019269 0.000371 0.041667
22.500 16.000 0.125351 0.015713 0.044444
21.176 17.000 0.025514 0.000651 0.047223
20.000 18.000 0.194486 0.037825 0.050000
18.947 19.000 0.107882 0.011639 0.052779
18.000 20.000 0.166709 0.027792 0.055556

Table 1. Data used to plot Figure 8.



Harmonic  Sine(mm) Cosine(mm)  Amp(mm) Power(rnmz) Phase(deg)
24

1.0 -0.0017 -0.0779 0.0780 0.0061 181.
2.0 -0.0363 -0.0631 0.0728 0.0053 209.89
3.0 0.0778 0.1002 0.1268 0.01l61 37.82
4.0 -0.0856 0.0693 0.1101 0.0121 309.01
5.0 0.0326 -0.0015 0.0326 0.0011 92.63
6.0 0.7732 0.0932 0.7788 0.6065 83.12
7.0 -0.1402 -1.0359 1.0454 1.0928 187.71
8.0 -0.1900 0.1643 0.2512 0.0631 310.86
9.0 -0.1686 -0.0099 0.1689 0.0285 266.63
10.0 0.1578 0.1360 0.2083 0.0434 49.26
11.0 0.3116 -0.5573 0.6385 0.4077 150.79
12.0 -0.3666 -0.0708 0.3733 0.1394 259.07
13.0 -0.3115 -0.1987 0.3695 0.1365 237.46
14.0 0.2708 0.0075 0.2709 0.0734 88.42
15.0 -0.0191 -0.0023 0.0193 0.0004 263.08
16.0 -0.0808 0.0958 0.1254 0.0157 319.86
17.0 -0.0101 0.0235 0.0255 0.0007 336.80
18.0 -0.1013 -0.1660 0.1945 0.0378 211.40
19.0 -0.1012 0.0372 0.1079 0.0116 290.20
20.0 -0.1666 0.0054 0.1667 0.0278 271.86

Table 2. Data used to plot Figure 9.

7. Reconstructing the function from the spectral lines.

The Fourier coefficients computed for the simulated data can be used to reconstruct the
function. The plot below shows the simulated data and the Fourier fit to the data using the

spectral lines up to 20 shown in Table 2 above. The fit is not exact. Using a few more terms
would probably improve the fit. Some rows of LAGEOS have 32 cubes.
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Figure 10. Plot of the simulated data and the Fourier fit to the data using terms up to 20.



8. Dependence on the reflecting properties of the cube corners.

A LAGEOS cube corner can lose total internal reflection past about 17 degrees incidence
angle depending on the orientation of the cube in its holder. One would expect that the
variation of the range correction as the satellite spins would depend on the orientation of

each cube in its holder. Figure 11 shows the spectrum looking at the equator with random
orientations of the cubes.
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Figure 11. Spectrum looking at the equator with random orientations of the cubes.

Comparing Figure 11 with Figure 4 it is clear that the amplitudes of the spectral lines
depend on the orientation of the cubes in their mountings.

9. Methods of computing the spectral lines.
The amplitudes of the spectral lines can be computed in two different ways:

A. If the spectrum of a set of data is unknown, it is necessary to try all frequencies in order
to compute the spectral amplitudes. The analysis of the real Lageos data shows a certain
amount of noise between the spectral lines. This is to be expected since there are various
noise sources present in the data. The analysis of the simulated data shows much less noise
between the lines.

B. The terms of a Fourier series are integral multiples of the fundamental frequency and
form an orthogonal set of functions over one cycle of the fundamental. There are an integral
number of cycles of each frequency in one revolution. Since the Lageos spectrum has been
shown to be Fourier series with a finite number of terms it should be possible to solve for
the known harmonics from one revolution or an integral number of revolutions by solving
only for the known frequencies.

If an interval does not contain an integral number of cycles one will not get the correct
amplitudes. Using a long data set with many cycles gives approximately the correct answer
even though there may not be an integral number of cycles of each frequency. The error in
determining the frequency is inversely proportional to the length of the time interval.



10. Variation of the spectral lines during a pass.

In principle, shorter periods of time could be used in the spectral analysis of real LAGEOS
data if the spin rate were known, just as Figure 8 was computed using only one revolution
and solving only for the known spectral lines.

Figure 12 below show a spectral analysis done on real data with the pass broken up into
eight intervals. We see that the amplitudes of the spectral lines are different in each interval.
This is what one would expect if the angle between the line of sight and the spin axis is

changing during the pass. The green triangles show the position of the integral spectral
lines. The width of the lines is broader and there is more noise between the lines.
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Figure 12d, Interval 4, 1060.794 - 1388.081 sec
The last 4 parts of Figure 12 are shown later in the paper.
11. Experimental verification of the dependence on the orientation of the spin axis.

The simulated data shows that higher frequencies are present when looking at the equator
and lower frequencies dominate when looking at the pole. It should be possible to verify
this experimentally. The paper “LAGEQOS-2 spin rate and orientation”, R. Sherwood
(Reference 4) shows that the spin rate and orientation of the spin axis can be determined
using photometry of the solar flashes from the front face of the cube corners. The spectrum
of actual range data could be correlated with the angle between the observing direction and
the orientation of the spin axis to see if the frequencies are lower near the pole. Since the
angle with respect to the pole is constantly changing during a pass, one should use a short
interval consisting of an integral number of revolutions in making the comparison.
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Figure 12f. Interval 6, 1715.369 - 2042.656 sec

12. Determination of the phase of the rotation using the range data.

Since the spin axis and orientation can be determined by photometry (Reference 4), it might
be possible to determine the phase of the rotation using the range data. Since the
frequencies of the spectral lines are known one could do a spectral analysis of an integral
number of rotations. This can be used to reconstruct the range variations as a function of
time as was done in Figure 10 of this report. The simulation program can be used to
compute the predicted range variations for the time interval using an arbitrary starting phase
of the rotation. The two curves could then be compared to try to match up the phase. A
second approach suggested by G. Appleby is to vary the phase from O to 360 in the
simulation and look for the phase angle that minimizes the rms difference between the
simulation and the actual data. A third approach would be to add the phase angle to the
orbital solution. This would require a starting value of the phase angle since the orbital
solution is a non-linear least squares iteration.
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13. Other methods of determinating the phase angle.

It has been shown recently that the phase of the rotation of LAGEOS can be determined by observation of
the solar flashes from the germanium cubes (see “Germanium flashes in LAGEOS-2 photometry data”,
David A. Arnold, presented at this workshop). Since the amount of data on the germanium flashes is very
limited it may be difficult to use this data to determine the phase throughout the whole period of the
photometry. However, it could be used as a starting value for computing the phase in an orbital solution as

described in Section 12.

The orientation of LAGEOS could, in principle, be determined by pulsed and CW infrared ranging to the
germanium cube corners. This technique is discussed on Pages 187 and 188 of the report “Optical and
infrared transfer function of the LAGEOS retroreflector array”, D.A. Arnold (Reference 5).



14. Summary and conclusions.

Spectral analysis of simulated and actual LAGEOS range data shows spectral lines that are
integral multiples of the spin rate. This seems reasonable since there are an integral number
of cube corners in each row on the satellite. The amplitudes of the spectral lines depends on
the reflecting properties of the cube corners and the angle of incidence with respect to the
spin axis.
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Session 13

Pilot Projects

Graham Appleby, Mark Torrence
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Honeywell

Honeywell Technology Solutions Inc

Harmonization of QC Results

Wettzell, Germany, Oct 26-27, 2003

NP RMSs (31 Quarter 2003)
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New Approaches

Erricos Pavlis, Mark Torrence
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kHz Ranging and Its Impact

Georg Kirchner, John Degnan
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New Met. Charts for Phase 11

Aggregate OMCs

Seasonal
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Information on ALOS: Dynamic Priorities for satellite with time-restricted
observation:

« ADEOS-II ceased operation at the end of October, because of a malfunction in
power-system.

« ALOS (Advanced Land Observing Satellite) will be launched next June.

« As with ADEOS-II, ALOS has sensitive sensors to be protected from optical
damage
Differences from ADEOS-II

o Small interference area (its duration is from 5 to 10 seconds) => we need
precise prediction

o Plural interference area => station is required to perform a complex
operation (see slides in appendix)

« The operational procedure for the safety of the satellite is based on ADEOS-II and
was proposed by JAXA.

« Station operates based on the time table which lists permitted period, distributed
by JAXA and reported to JAXA actual operation time (laser start and stop time)
and/or full-rate data.

« GB requests that JAXA organize a preparatory experiment for station
qualification where before the campaign starts stations shall track a current
satellite (such as Ajisai) with time-restricted operation as proposed by JAXA.
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